Objective: To investigate apoptosis in the thyroid of Graves disease (GD) induced by thyroid arterial embolization. Materials and methods: Forty one patients with clinically and laboratorily ascertained GD were treated with thyroid arterial embolization and followed up for 3-54 months following embolization. Prior to embolization and at 1, 3, 6, 12 and 36 months following embolization, thyroid autoimmunue antibodies were tested respectively, including thyroid stimulating antibody (TSAb), thyroglobulin antibody (TGAb) and thyroid microsomal antibody (TMAb). Thyroid biopsy was performed under the guidance of computed tomography for immunohistochemistry examination using semi-quantity analysis. Results: The positive staining of Fas and FasL was mostly in the cytoplasma and cell membrane, the positive expression of Bax was mainly in the cytoplasma, and no positive expression of P53 was detected in the thyroid cells before embolization. After arterial embolziation, the positive cell number and staining degree of these genes were both greater than before embolization. Conclusion: The treatment method of thyroid arterial embolization can effectively enhance the positive expression of pro-apoptotic genes of Fas, FasL, Bax, Bcl-2 and P53 in GD thyroid, thus promoting apoptosis of GD thyroid and helping restore the thyroid size and function to normal conditions.
GRAVES disease (GD) is an autoimmune disorder of the thyroid characterized by the production of autoantibodies, especially the thyroid-stimulating autoantibody (TSAb) against the thyrotropin receptor leading to receptor activation and subsequent hyperthyroidism [1] [2] [3] [4] . Treatment strategies for GD hyperthyroidism include medical therapy with antithyroid drugs, thyroid surgery or radioiodine therapy [5, 6] . Conservative therapy with antithyroid drug is usually the first choice in some countries and is lasted for a long term from 12 to 18 months [7] . Nonetheless, side effects of drug therapy such as allergic reactions, agranulocytosis and hepatotoxicity are not devoid and usually necessitate careful monitoring [8, 9] . Moreover, the relapse rate at drug therapy withdrawal is very high (50%-60%) and many patients need further treatment [10, 11] . Some physicians in the United States in particular favor thyroid ablation as the first choice treatment in most instances [10] . However, ablative treatment may also be accompanied by some unwanted side-effects. Thyroid surgery entails perioperative morbidity, postoperative hypothyroidism and hospitalization costs [6] , while radioiodine treatment implies subsequent hypothyroidism and the possibility of secondary neoplasia [12] . With the emergence of thyroid arterial embolization in recent years due to considerable progress made in endovascular technology, GD hyperthyroidism can now be managed through thyroid arterial embolization by occluding most of the thyroid vessels for the reduction of thyroid hormone secretion, hence restoring the patient to euthyroidism [13] [14] [15] [16] . Up to date, clinical experience with this therapy has been minimal, and further researches have to be performed because many questions remain mysterious. Apoptosis, also known as programmed cell death, is a carefully regulated process of cell death that plays an important role in normal development, morphogenesis and immune function. A basal level of apoptosis may help regulate cell turnover and destruction in the normal thyroid, and antiapoptotic mechanisms may promote survival of thyrocytes in GD [17] [18] [19] . This study was to investigate the possible role of apoptosis in GD thyroid treated with thyroid arterial embolization.
Materials and Methods
During the period between November 2001 and December 2006, 41 GD patients (9 males, 32 females) were enrolled in this study. The study protocol was approved by the Institutional Review Board and the Ethics Committee of the First Affiliated Hospital of Kunming Medical College. Inclusion criteria were noncompliance with or having serious side effects to antithyroid drugs, and refusing surgical and radioactive iodine therapies. The patients, with the age range of 14 to 51 years (mean 32.6 years), had GD confirmed clinically and by laboratory studies and had provided signed informed consent before thyroid arterial embolization. All patients had goiter, with grade I in 5 cases, II in 15, and III in 21, classified in accordance with World Health Organization recommendations [20] . Twenty two of the patients had vascular murmurs in the thyroid area. None of the patients had the history of any other autoimmune, endocrinological and infectious diseases or tumor.
Equipments used in this study included an angiography suite of German SIEMENS BICOR PLUS/TOP model (1250 mA), Holland Phillips MX800 4-row spiral CT scanner and US BD FACSCalibur flow cytometer. The reagents used were FT3, FT4 and rT3 solid phase radioimmuneoassay kits (Jiuding Bioengineering Co. Ltd, Tianjin, China), TT3 and TT4 radioimmunity kits (Xiehe Medical Technology Co. Ltd., Tianjin, China), TGAb and TMAb radioimmunoassay kits, radioreceptor assay kits of human blood TSAb autoimmune antibodies, and hTSH radioimmune kits (IRLAND Corporation, US).
Three days before thyroid arterial embolization, a beta-blocker (propranolol, 10 mg, 3 times daily) was administered to bring the patients' heart rate under 100 bpm. Methimazole (20-40 mg, 3 times daily) or propylthiouracil (PTU, 50-100 mg, 3 times daily) was also administered to control hyperthyroidism. Experienced interventional radiologists performed thyroid arterial embolization using similar techniques ( Fig. 1 ). Detailed embolization protocol and efficacy assessment of thyroid embolization had been described previously [16] . In brief, after right femoral artery was punctured using the Seldinger technique, a sheath was inserted into the artery, and a 6F catheter was put through the sheath into bilateral carotid and subclavian arteries for selective angiography of the thyroid gland. Then, embolization of the thyroid gland was performed. The thyroid major blood supply comes from two pairs of vessels: the left and right superior thyroid arteries that arise from the external carotid arteries, and the left and right inferior thyroid arteries originating from the subclavian arteries. After selective thyroid angiography, a 3F SP microcatheter (Boston Scientific, Fremont, CA, USA) was employed to catheterize the gland branches for embolization which targeted two to three major supplying arteries. Generally, bilateral superior arteries were embolized in each case using a mixed product of polyvinyl alcohol, papaverine and a nonionic contrast agent (Omnipaque 300, Amershan Health, Shanghai, China) because these two arteries are usually the thyroid major supplying vessels. In patients with moderate to severe goiter, an inferior thyroid artery was embolized additionally to enforce the effect. Since the parathyroids are mainly supplied by the thyroid bilateral inferior arteries, one inferior artery would usually be left unembolized for fear of hypo-function of the parathyroids [15] . During the procedure, special attention was paid to preventing regurgitation of embolic agent to avoid mis-embolization of other arteries.
After embolization, dexamethasone was administered (10 mg, 3 times daily for 3-7 days) to every patient to inhibit the body's immune system and to relieve symptoms of chemical inflammation of the thyroid gland caused by embolization because the embolized thyroid tissue may become necrotic to temporarily release a great deal of the existing hormones into the blood and cause severe reactions. The patient received IV ampicillin for 3-7 days post embolization to avoid bacterial infection. Antithyroid drugs were continued for 2 weeks after embolization in unchanged doses and gradually reduced or withdrawn based on the thyroid function test.
At 3 days prior to the embolization and at 3 and 7 days, 1, 3, 6, 12, 24 and 36 months following embolization respectively, 5 ml venous blood was harvested in the morning on an empty stomach for the study of thyroid function, including total T4 (TT4), total T3 (TT3), free T4 (FT4), free T3 (FT3), reverse T3 (rT3), thyroid-stimulating hormone (TSH), thyroglobulin antibody (TGAb), thyroid microsome antibody (TMAb), thyroglobulin (TG) and thyroid stimulating antibody (TSAb). Thyroid biopsy with puncture needles under the guidance of computed tomography (CT) was performed on 15 cases before embolization, 2 cases at 7 days, 4 cases at 3 months, 6 cases at 6 months, 7 cases at 1 year and 18 cases at 3 years following thyroid embolization. In 1 case at 3 months, 2 cases at 1 year and 3 cases at 3 years following embolization, no thyroid tissue was present in the pathological sections of the biopsed thyroid tissue. In another two cases at 3 years following embolization, not enough thyroid tissue was obtained for pathological analysis. Therefore, a total of 44 cases had pathological sections for immunohistochemistry examination. After the biopsy was finished, the punctured thyroid was compressed for ten minutes for preventing possible complications. Immunohistochemistry staining was performed on the pathological sections for analysis of expression of the molecules of Fas, FasL, Bcl-2, Bax and p53. The above cases with biopsy were divided into three groups for analysis including 15 cases in the preembolization group, 16 cases in the post-embolization group one at less than 1 year and 13 cases in the postembolization group two at greater than 1 year following embolization.
Statistical analysis
Statistical analysis was performed with SAS application software package, version 6.12 (SAS Institute Inc., North Carolina State University, NC, USA). Continuous data were expressed as mean ( ± SD), or as the median and range if not normally distributed.
Various tests were used, including the chi-squared test, ANOVA, Pearson correlation, Fisher's exact test and q-test. A P value <0.05 was considered significant, and a P value <0.01 highly significant statistically.
Results

Complications and Efficacy
No severe complications occurred immediately after the embolization procedure except slight to moderate neck pain caused by arterial embolization. Vascular murmurs in the anterior neck area disappeared and the enlarged thyroid gland decreased immediately following embolization. Thirty eight patients had been followed up for one to three years following embolization, with 27 being euthyroid (71.1%), 4 improved (10.5%) and 7 recurrent (18.4%). Twenty one patients had been followed up over three years, among which 16 were euthyroid (76.2%) and 5 improved (23.8%) with reduced dose of antithyroid drugs for mainte-nance. Six more patients with long-term follow-up (3 years) were found to be recurrent and were reembolized (3 arteries), and thyroid functional test at half a year after embolization showed euthyroid. No side effects occurred during the long-term follow-up.
Positive expression of the molecules of Fas, FasL, Bax, Bcl-2 and p53 on thyrocytes before and after arterial embolziation (Table 1 and 2, and Fig. 2-6 )
The expression of Fas, FasL, Bax, Bcl-2 and p53 on thyrocytes before and after arterial embolziation was calculated using semi-quantitative analysis, with the positive signals shown as light yellow to brown particles distributed within the cytoplasma or nuclei. The positive staining of Fas and FasL was mostly restricted to the cytoplasma and cellular membrane. Before arterial embolziation, the positive staining of Fas and FasL in the thyroid cells was very low and sparsely distributed like small patches or dots. After embolization, significantly apparent expression of Fas and FasL was demonstrated within the thyroid tissue like bigger patches, with both the positive cellular number and staining degree greater than before embolization
x (P<0.05, Fig. 2 and 3 ). The expression of Bax and Bcl-2 was both within the cytoplasma, with no apparent difference in the positive cellular number and degree between pre-embolization group and postembolization group one (P>0.05), but significant difference between pre-embolization group and postembolization group two in the positive cellular number and degree (P<0.05, Fig. 4 and 5 ). P53 was usually negative or distributed like small patches before embo-lization, whereas after embolization, the P53 positive cellular number and staining degree increased with time and were significantly higher than before embolization (P<0.05, Fig. 6 ).
Changes of serum thyroid hormones and autoantibodies
The changes of serum thyroid hormones and autoantibodies following embolization were shown in Table 3 . TT3, TT4, FT3 and FT4 were all lower at over 6 months after than before embolization with a statistical significance. TGAb and TMAb were higher at 3 years after embolization than both before embolization and 6 months after embolization, with a statistical significance. TSAb values were significantly lower at over 6 months following embolization than before embolization, whereas TSH values were significantly higher over 6 months after than before embolization.
Discussion
Antithyroid drugs, radioiodine and surgery are the three current therapies for GD [21] [22] [23] . These treatment modalities are effective in alleviating hyperthyroidism and can result in the inhibition of thyroid hormone synthesis, destruction and removal of thyroid tissue, respectively. However, routine clinical practice reveals that some GD patients may not be controlled with the available therapies due to various reasons like serious allergic reactions to antithyroid agents, uncontrolled hyperthyroidism or other underlying diseases un-amenable to surgical ablation [13, 14, 16] . Some female patients at the reproductive age refuse radioactive iodine treatment because of the possibility of secondary neoplasia and an unfounded albeit belief that it may affect their ability to conceive. These known limitations of the existing therapies for GD underlie our interest in investigating thyroid arterial embolization for such patients. Thyroid arterial embolization has been successfully employed to treat GD hyperthyroidism by some researchers in the world [13, 14, 16] . The procedure is minimally invasive with no need of general anesthesia, and what the doctors have to do is just catheterize the femoral artery under local anesthesia and send a microcatheter endovascularly to two or three major arteries supplying the thyroid gland for delivery of embolic materials such as polyvinyl alcohol particles. The purpose of arterial embolization is to block most of the blood supply to the thyroid gland, resulting in necrosis and later fibrosis of most of the thyroid tissue to substantially reduce secretion of thyroid hormones. This can achieve an effect similar to subtotal surgical thyroidectomy [13, 14, 16] , which is considered the mechanism of thyroid arterial embolization in managing GD hyperthyroidism. Currently limited clinical practices have proved that this technique is a new, effective, minimally invasive and safe method for the treatment of GD patients [13, 14, 16] .
In this study, we investigated the role of apoptosis which is critical in the development and homeostasis of multicellular organisms [24] . An increased rate of apoptosis is involved in the pathogenesis of several degenerative diseases while inhibition of apoptosis has been implicated in autoimmune diseases and carcinogenesis. The percentage of apoptotic thyrocytes in situ is increased in Hashimoto's thyrocytes, but decreased in GD, suggesting the importance of apoptotic cell death of thyrocytes in the regulation of functions and numbers of these cells in autoimmune thyroid diseases [17, 19, 25, 26] .
Apoptosis proceeds through the activation of a cascade of effector molecules called caspases, which are responsible for the proteolytic cleavage of nuclear and cytoplasmic substrates and subsequent cellular disassembly [26] [27] [28] , and apoptosis may be triggered through two major pathways, called the extrinsic and the intrinsic pathway of cell death. The former relies on the recruitment of death receptor family members such as CD95/Fas, TRAILR1, TRAILR2, and TNF-R1. The latter pathway is activated in response to a number of cytotoxic stimuli such as DNA damage, metabolic imbalance, growth factor deprivation, or cell cycle perturbation. These events result in the homodimerization of pro-apoptotic members of the Bcl-2 family such as Bax, Bak, Bim, Bik, or Bid for the recruitment and activation of executioner caspases. Antiapoptotic members of the Bcl-2 family, in particular, Bcl-XL and Bcl-2, prevent apoptosis by counteracting the activity of their pro-apoptotic relatives and thus their expression levels are often indicative of the cell's ability to escape apoptotic death. The Fas receptor and its natural ligand (FasL) are transmembrane proteins, and upon engagement with FasL, cells expressing Fas undergo apoptosis through the activation of an intracellular signaling pathway. Fas-mediated cell death plays a crucial role in immunoregulation and tissue homeostasis, as well as in the immunological clearance of viruses, tumor cells or autoreactive cells [29] . Members of the Bcl-2 family exert their effects by mediating apoptosis rather than cell proliferation, and the ratio of pro-apoptotic to anti-apoptotic proteins in a given cell determines whether it will undergo programmed cell death or not [19] . Bax is a pro-apoptotic protein while Bcl-2 is anti-apoptotic. When one is over-expressed, the effect of the other will be inhibited. P53 is a tumor suppressor gene and its most wellunderstood role is to regulate the transcription of a number of downstream target genes involved in cell cycle arrest, senescence and programmed cell death [30, 31] . Among the target genes regulated by p53 are Fas, Bax and Bcl-2. P53 regulates Fas in a p53-dependent manner, up-regulates Bax and down-regulates Bcl-2 [30] [31] [32] .
In our study, the cellular number and staining degree of positive Fas and FasL were significantly higher than before embolization, which may suggests that thyrocyte apoptosis caused by embolization may overpass thyroid hyperplasia. Although the positive cellular number and degree of pro-apoptotic Bax at one year following embolization were not significantly different from before embolization, those at greater than one year were significantly higher than before embolization (P<0.05). In contrast, the positive cellular number and staining degree of anti-apoptotic Bcl-2 had no significant difference before and after arterial embolization, namely no increased expression of Bcl-2 following embolization. Increased Bax expression implicates enhanced thyrocyte apoptosis. The number and degree of positive p53 cells were significantly higher than before embolization, and through the regulation of its downstream genes, increased p53 expression means promotion of thyroid cell apoptosis [30] [31] [32] . However, we also detected some expression of mutant p53 in the thyroid following embolization using immunohistochemistry staining in our study, probably because the wide type p53 has a short half life and had quickly turned into the mutant type.
In this study, the expression of some pro-apoptotic genes were promoted to some extent in the GD thyroid before arterial embolization, probably because of the application of antithyroid drugs to control the hyperthyroidism under certain level for the safety of embolization procedure [2, 33] . Following arterial embolization, the expression of the pro-apoptotic genes was significantly increased, suggesting that the apoptosispromoting role played by the arterial embolization is far greater than the antithyroid drugs. After embolization, dexamethasone was administered to inhibit the body's immune system and to relieve symptoms of chemical inflammation of the thyroid gland caused by embolization. Dexamethasone is a steroid hormone and has the function of anti-inflammation, ananaphylaxis and immunological regulation. It can also influence the reaction of cells to apoptosis, and currently, it has been found that dexamethasone can induce apoptosis of lympholeukocytes, eosinophile granulocytes, osteoblasts and other cells [34] [35] [36] [37] . Therefore, dexamethasone may also contribute to some extent to the apoptosis of the thyroid cells after the embolization procedure. However, no great role can be expected from its use.
At three days after embolization (Table 3) , the serum thyroid hormones were temporarily greatly increased, probably because the embolized thyroid tissue had become necrotic to release a great deal of the existing hormones stored within the gland. Later, the serum level of thyroid hormone gradually de-creased to normal. This is because embolization caused decreased volume of functioning thyroid tissue, and the synthesis and secretion of hormones was consequently reduced after the stored hormones had been released. The long-term effective rate of thyroid arterial embolization was 80% (euthyroid plus improved). TGAb and TMAb were significantly higher than before embolization. The existence of these two autoantiboies may reflect the disturbance of the body immune function. TSAb is one of the TSH receptor (TSH-R) autoantibodies (TRAb) in GD patients, and the role of TSAb in the pathogenesis of GD is critical, by activating the receptor and causing hyperthyroidism. At over 6 months after embolization, TSAb was significantly decreased compared with before embolization.
In general, following thyroid arterial embolization, the pro-apoptotic genes expressed in GD thyroid were continuously enhanced, leading to the thyroid cell apoptosis greater than thyroid hyperplasia and consequently reduced hyperfunctional follicles of the thyroid. The regulation process of apoptosis is consistent with the improvement of the body immunity as demonstrated by the decrease of TSAb antibody. Because a therapy directed at the pathogenesis of GD is impossible, current treatment modalities all aim at inhibiting the synthesis and release of thyroid hormones or reducing and destroying the thyroid tissue for secretion of thyroid hormones. However, the improvement of regulation of the whole body immunity should also be stressed at the same time. This study suggests that thyroid arterial embolization can enhance apoptosis of the thyroid cells which may be able to improve the autoimmunity of the thyroid.
